Biogenic calcium carbonate forms the inorganic component of seashells, otoliths, and many marine skeletons, and its formation is directed by an ordered template of macromolecules. Classical nucleation theory considers crystal formation to occur from a critical nucleus formed by the assembly of ions from solution. Using cryotransmission electron microscopy, we found that template-directed calcium carbonate formation starts with the formation of prenucleation clusters. Their aggregation leads to the nucleation of amorphous nanoparticles in solution. These nanoparticles assemble at the template and, after reaching a critical size, develop dynamic crystalline domains, one of which is selectively stabilized by the template. Our findings have implications for template-directed mineral formation in biological as well as in synthetic systems.
I n nature, hybrid materials consisting of a combination of soft organic and hard inorganic components are used for a variety of purposes, including mechanical support, navigation, and protection against predation (1, 2) . These biominerals, such as bones, teeth, and shells, often combine fascinating shapes with remarkable mechanical (3) and optical (4) properties, which generally are related to a high level of control over structure, size, morphology, orientation, and assembly of the constituents.
Calcium carbonate is the most abundant crystalline biomineral. In nature, its formation generally takes place in specialized, self-assembled compartments, such as vesicles or layered macromolecular structures, where domains of acidic proteins induce oriented nucleation (5, 6) . Avoiding the complexity and dynamics of the biological mineralization systems, template-directed CaCO 3 mineralization has been studied in vitro through the use of two-dimensional (2D) molecular assemblies as model systems (7) .
According to classical nucleation theory, the crystallization of inorganic minerals starts from their constituting ions, which, on the basis of their ionic complementarity, form small clusters in a stochastic process of dynamic growth and disintegration (8) . These clusters become stable when a critical size is reached at which the increasing surface energy related to the growing surface area is balanced by the reduction of bulk energy related to the formation of a crystal lattice. The resulting primary nanoparticles form the critical crystal nuclei that are the basis of further growth through the associated reduction of the Gibbs free energy of the system.
In contrast to what is described by classical nucleation theory, calcium carbonate crystal formation has been shown to occur from a transient amorphous precursor phase, both in biological (9, 10) and in biomimetic systems (11, 12) . Moreover, it was recently shown that CaCO 3 nucleation (13) is preceded by the formation of nanometer-sized prenucleation clusters, which also is not foreseen by classical nucleation theory. Although a recent model described how a template can direct orientated nucleation from an amorphous calcium carbonate (ACC) precursor phase (14) , the role of prenucleation clusters in template-directed mineralization is still unknown.
Previously, with the use of a vitrification robot and attached glovebox, we were able to load a self-organized monolayer with adhered mineralization solution onto a holey carbon cryotransmission electron microscopy (cryo-TEM) grid with minimal disturbance of the system while maintaining 100% humidity and constant temperature (fig. S1) (11, 15) . Plunge-freeze vitrification of the sample at various time points allowed trapping of the different stages of the mineralization reaction and monitoring of the development of the mineral phase in its native hydrated state by cryo-TEM. Using 2D imaging and diffraction, we showed the formation of a transient ACC phase and demonstrated its transformation into oriented vaterite before the formation of the final product, oriented calcite. However, this study did not show which steps in the mineralization process depended critically on the presence of the monolayer, nor did it discover the prenucleation clusters.
The present work used a stearic acid monolayer as a template deposited on a supersaturated 9 mM Ca(HCO 3 ) 2 solution (16) . We studied the system through a combination of cryoelectron tomography (cryo-ET) (17) and low-dose selectedarea electron diffraction (SAED), obtaining morphological and structural information with 3D spatial resolution. This allowed us to image, locate, and identify CaCO 3 nanoparticles in solution and to establish whether they were actually in contact with the template. Also, by using high-resolution cryo-TEM, we could visualize prenucleation clusters and collect evidence for their role in the nucleation of the amorphous nanoparticles. Tomography revealed that these particles nucleated in solution but later assembled at the template surface, where crystallinity developed; low-dose SAED showed selective stabilization of single crystallographic orientation through the interaction of the mineral with the monolayer.
High-resolution cryo-TEM studies of fresh 9 mM Ca(HCO 3 ) 2 solutions showed prenucleation clusters with dimensions of 0.6 to 1.1 nm (Fig. 1, A and B) . At the same time, a small population of larger clusters (<4 nm) was detected ( Fig. 1C , inset), indicating the onset of the aggregation process leading to nucleation. After reaction times of 2 to 6 min, small nanoparticles with a size distribution centered around 30 nm were observed ( Fig. 2A) .
Samples were taken from the crystallization solution at different time points (figs. S2 and S3) (15) and analyzed with analytical ultracentrifugation, which detects species in solution according to the difference in their sedimentation coefficient s (18). Large and dense particles sediment faster than smaller or less dense particles, thereby yielding a higher value of s. These experiments confirmed the presence of nanoclusters (s = 1.5 × 10 −13 to 3 × 10 −13 s) coexisting with ions (s ≤ 0.6 × 10 −13 s), followed by the aggregation of the clusters (s ≥ 4.5 × 10 −13 s) before the nucleation event.
Gebauer et al. (13) provided convincing evidence that the existence of prenucleation clusters is due to thermodynamic equilibrium among solvent, individual hydrated ions, and hydrated clusters, as represented by (1) in which the clusters are considered as a solute entity and z is the number of CaCO 3 units in a cluster. In the absence of data on prenucleation cluster concentrations, and a value for z, quantitative assessment is currently not possible. They speculated that the release of water molecules from the hydration shell of ions provides a substantial entropy gain favoring prenucleation cluster formation.
Low-dose SAED showed that the 30-nm nanoparticles were amorphous, and cryo-ET dem-onstrated that they were present throughout the whole solution ( Fig. 2 , A, D, and E) (15) , implying that their formation is independent of the presence of the organic template. The SAED patterns obtained from the ACC particles and the fresh Ca(HCO 3 ) 2 solutions were indistinguishable and were clearly different from vitrified films of pure water and aqueous 10 mM CaCl 2 solutions (Fig. 1D ). The similarities and differences among the different samples are not only immediately clear from the position of the second diffraction ring [at 4.61 T 0.05 Å for ACC and 9 mM Ca(HCO 3 ) 2 ; at 4.82 T 0.05 Å and 4.90 T 0.05 Å for water and 10 mM CaCl 2 , respectively], but are also statistically significant in the maximum of the first diffraction ring (tables S1 and S2) (15) . These results suggest that the prenucleation clusters present in freshly prepared Ca(HCO 3 ) 2 solutions consist of ACC.
In contrast to the observations of Gebauer et al. (13) , our experiments showed that the prenucleation clusters persisted after nucleation. We speculate that the formation of the~30-nm nanoparticles is due to aggregation of the prenucleation clusters via Brownian motion. Considering that the prenucleation clusters already have the structure of the ACC particles found after nucleation, the aggregation of clusters mainly leads to a gain in surface enthalpy. We consider this to be the main driving force for stabilization of the ACC nanoparticles. However, it is noteworthy that experiments (19) and simulations (20) have indicated that CaCO 3 domains with sizes of ≤2 nm may already possess short-range local order.
After longer reaction times (10 to 20 min), larger particles with sizes ranging from 70 to 250 nm were observed (Fig. 2, B , D, and F) in coexistence with a persistent population of the~30-nm nanoparticles. Tomograms showed that the larger particles were found exclusively at the interface with the monolayer and that all exhibited a smooth face interacting with the template. Low-dose SAED revealed that some of these were still amorphous ( Fig. 2D, particle 2) , whereas others produced complex spot patterns (Fig. 2D , particles 3 to 5) that could be assigned to vaterite displaying multiple crystallographic orientations ( fig. S4) (15) . The template-associated amorphous particles were larger than those found in solution and had a size range of 70 to 120 nm, which implies that these are temporarily stabilized by the monolayer. The particles in which crystallinity had developed were found in all sizes (70 to 250 nm), which suggests that in the present system the size of 120 nm is a critical upper limit for the stability of the amorphous phase. Conversely, the observations that most ACC particles have a size of <70 nm, whereas polycrystalline CaCO 3 has a minimal particle diameter of~70 nm, imply that this size is critical for the development of crystalline domains inside an amorphous matrix. The size of the particles further increased, and an increasing fraction of these particles showed a dominating or even a single diffraction pattern (particle diameters of >300 nm) (Fig. 2, F and G, and fig.  S4 ) (15) . In accordance with literature (16, 21, 22) , SAED identified this plane as (00.1) vaterite (Fig. 2 , C and D); in the absence of a monolayer, a mixture of randomly oriented calcite and vaterite was obtained ( fig. S6) (15) . Tomograms showed that after a reaction period of 30 to 60 min, the nanoparticles were still present throughout the solution, and in many cases they were found to decorate the surface of the 300-to 500-nm vaterite crystals (Fig. 2G ).
In accordance with electron microscopy observations (9, 14) and simulations (23), the present results imply a locally confined transformation of the amorphous to the crystalline state. Also, structural and spectroscopic techniques have demonstrated the development of short-range order in transient ACC, indicating a gradual development of crystallinity within the material (24, 25) . None- theless, for several other calcium carbonate-based systems, crystallization proceeds through a dissolutionreprecipitation mechanism (12, 26) . Moreover, we cannot exclude the possibility that the presence of water mediates this phase transformation through the solubilization of ACC on a nanoscopic scale (19) .
The narrow size distribution of the initial ACC particles suggests an optimal stability at a diameter of~30 nm, similar to previous reports for mineral nanoparticles in studies of calcium carbonate from nacre (6) and calcium phosphate from enamel (27) . The presence of these nanoparticles in all stages of the mineral formation process ( fig. S8 ) (15) supports proposals that these nanoparticles form the feedstock on which the larger particles and crystals grow (11, 28) . Although the observation that nanoparticles adhere to the surface of the vaterite crystals (Fig. 2G ) suggests that growth proceeds through the direct addition of such particles, no crystals with roughened surfaces have been observed. Therefore, also considering the high solubility of ACC in water (1.7 mM) (29), one may expect that the nanoparticles exist in equilibrium with the material in solution, and we propose that the growth of the larger particles occurs through a dissolution-reprecipitation mechanism at the expense of the nanoparticles (30) .
We propose that the template-directed crystallization of CaCO 3 proceeds through several distinct steps ( Fig. 3) (15) . The starting point is Step 0: formation of prenucleation clusters.
Step 1: Aggregation of the clusters to form 30-nm ACC nanoparticles. Step 2: Clustering and growth of the ACC particles at the surface of the organic matrix.
Step 3: Start of the crystallization; formation of poorly crystalline particles.
Step 4: Formation of nanocrystalline domains inside the amorphous particle.
Step 5: Prevalent growth of the crystalline domain stabilized by the template.
Step 6: Formation and growth of oriented single crystals. Numbers in parentheses in (A) and step numbers in (B) relate to the particle numbers in Fig. 2 . (15) . (E to G) Computer-aided visualization of the tomograms recorded from the areas shown in (A) to (C) (15) . The red arrows in (E) show the nanorods marking the monolayer ( fig. S5) (15) . The black arrows in (G) show the 30-nm ACC decorating the more mature crystals. Inset in (F) shows the particle surfaces that interact with the monolayer.
www.sciencemag.org SCIENCE VOL 323 13 MARCH 2009 the formation of prenucleation clusters with dimensions of 0.6 to 1.1 nm (step 0). In analogy to the chemistry of calcium phosphate (31), we consider them to be the smallest stable agglomerates of CaCO 3 present from the beginning of the reaction. Aggregation of these clusters in solution leads to the nucleation of ACC nanoparticles with a size distribution centered around 30 nm (step 1). Association of these particles with the template surface initiates the growth of ACC (step 2), using the nanoparticles in their neighborhood as feedstock. Next, randomly oriented nanocrystalline domains are formed inside the otherwise amorphous particles (steps 3 and 4). On the basis of the model of Zhang et al. (23) , we expect these domains to be unstable and in equilibrium with the amorphous phase. In the last steps, the orientation that is stabilized through the interaction with the monolayer becomes dominant (step 5) and develops into a single crystal (step 6). This single crystal probably grows by the further addition and incorporation of ions and clusters from solution.
The initial experiments of Mann and co-workers showed that the present system could produce calcite (11.0) or vaterite (00.1) depending on the precise conditions (16, 32) . Later, it was demonstrated that rapid CO 2 evaporation favors the kinetic product, vaterite (21, 22) , whereas lower evaporation rates lead to the calcitic form (21) . These results are confirmed by our finding of (00.1) oriented vaterite in the present work (i.e., in a fast-outgassing thin film) and the formation of (11.0) oriented calcite in crystallization dishes ( fig. S7) (15) from which CO 2 outgassing is slower. Moreover, the observation of randomly oriented vaterite crystals also puts in perspective the synchrotron x-ray scattering experiments that showed the formation of randomly oriented crystals from the same system (22) .
The nanoscopic prenucleation clusters that we visualized are the smallest stable form of CaCO 3 and are likely the building blocks of the amorphous precursor particles observed in biomineralization; such particles are also observed in many synthetic systems and are not restricted to calcium carbonate (13, 31) . As a consequence of their aggregation, ACC nucleates in solution and subsequently assembles at the template. There, it is present as a temporarily stabilized but transient phase that mediates the transfer of information from the template to the mineral phase. This occurs through the selective stabilization of only one of the orientations present, leading to the development of a single crystal.
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